I. INTRODUCTION
Although the five-phase in-wheel fault-tolerant permanent magnet (IW-FTPM) motor can operate stably even under the open circuit fault or short circuit fault, it is still a multivariable and strong coupled nonlinear system like traditional permanent magnet motor. 1 Then, the decoupling control becomes a key issue for high performance operation. There are two main methods in the study of decoupling control, including linearization and decoupling approaches as well as intelligent decoupling methods. 2 Compared with the linearization and decoupling approaches, intelligent decoupling control methods, such as fuzzy decoupling, 3 slide-mode decoupling, 4 neural network decoupling, 5 are independent of the precise mathematical model. Although the fuzzy decoupling can be suitable for control of systems consisting of uncertainties and nonlinearities, it is hard for real-time application because of heavy computing mission. Besides, the sliding mode control can guarantee the robustness under the bounds of the uncertainties, but it suffers from the shortage named chattering. 6 Then, a neural network inverse (NNI) control scheme is proposed to achieve the decoupling control of a bearingless permanent magnet motor, which incorporates the merits of neural network and inverse system. 7 Moreover, the internal model control (IMC) is utilized to design the extra controllers for the pseudo-linear system. Compared with traditional proportional-integral-derivative (PID) control, IMC does not need knowledge of motor models and accurate motor parameters. Additionally, the dynamic performance can be guaranteed in all possible speed. 7, 8 However, the back propagation neural network (BP-NN) is employed to compensate the nonlinearity of the system, which leads to the slow convergence speed and bad real-time performance compared with the radial basis function neural network (RBF-NN). 9, 10 Hence, this paper proposes a new decoupling method, termed as RBF-NN inverse (RBF-NNI), by combining the RBF-NN with the inverse system. Besides, the IMC is adopted to design the extra controllers for replacing PID control. Hence, the proposed IMC-based RBF-NNI controller shows high decoupling performances and high robustness. The mathematical model of five-phase IW-FTPM motor and the inverse system will be introduced in Section II. In Section III, the basic theory of RBF-NN will be presented, and an IMC-based RBF-NNI controller will be designed for the drive system. The experimental results will be performed to demonstrate the robustness of the proposed strategy in Section IV. Finally, the conclusions will be drawn in Section V.
II. MATHEMATICAL MODEL AND INVERSE SYSTEM
The mathematical model of the five-phase IW-FTPM motor in the d-q synchronous rotating reference frame can be given as:
where i d , u d and L d are the current, voltage and inductance of d-axis, respectively; i q , u q and L q are the current, voltage and inductance of q-axis, respectively; R s is the resistance of stator winding; ω 1 is the electrical angular velocity; Ψ f is the flux linkage of permanent magnet; n p is the number of pole-pairs; J is the moment of inertia; T L is the load torque.
Since the i d has the influence on the flux linkage, i d and ω 1 need to be decoupled for high performance operation. Then, ω 1 and i d are chosen as the outputs of the motor system, namely y=[y 1 , y 2 ] T =[i d , ω 1 ] T ; u d and u q are selected as the control variables, namely u=[u 1 , u 2 ] T =[u d , u q ] T ; i d , i q and ω 1 are the state variables, namely x=[x 1 , x 2 , x 3 ] T =[i d , i q , ω 1 ] T . Consequently, the mathematical model of the five-phase IW-FTPM motor can be rewritten as:
According to the inverse system theory and interactor algorithm, 11 the outputs of the system need differentiation until the derivative contains input u obviously. For y 1 , the first derivative can be given as:ẏ
In (3), the first derivative of y 1 includes the u 1 , the derivative process of y 1 can be stopped. For y 2 , the second derivative is given as: Until the second derivative, the derivative of y 2 contains the u 1 and u 2 . Then the derivatives process of y 2 can be stopped. Hence, the corresponding Jacobi matrix can be expressed as:
then Det (A(x, u) 
Since Ψ f and (L d -L q )i d are not equal to zero, Det (A(x, u) ) 0. The relative order of the system is α=(α 1 , α 2 )=(1, 2). Obviously, the order of the system n=α 1 +α 2 =1+2=3, Thus, the generalized inverse system of the original system is existed, which can be simply expressed as the first-order and second-order system like 1/s and 1/s 2 .
III. IMC-BASED RBF-NNI CONTROL STRATEGY
Although the inverse system of the IW-FTPM motor is existed, it is still hard to get its exact expression. Besides, due to the parametric perturbations, unpredictable disturbances and un-modeled dynamics of the IW-FTPM motor, the robustness and anti-disturbance often cannot meet the requirements. Hence, RBF-NNI and IMC will be introduced to solve these problems. Fig. 1 shows the diagram of the proposed IMC-based RBF-NNI strategy, including RBF-NN, pseudo-linear system and IMC. The chosen RBF-NN has three layers including input, hidden and output layers. Additionally, a RBF-NNI system is built by combining the RBF-NN with the inverse system to approximate the generalized inverse system of the original system. Then, the IW-FTPM motor and the RBF-NNI can be used as a pseudo-linear system. Since the dynamic performance can be guaranteed in all possible speed by using IMC. Then, the IMC is employed to improve the robustness and anti-disturbance of the whole system. In the structure of IMC, G(s) is the controlled object; G m (s) stands for the internal model of the system; and d denotes the disturbance signal; G c (s) represents the internal model controller; y r and y p are the given input and output of the system; y m is the output of the ideal internal model; y e is the feedback signal. Hence, in the proposed control strategy, the G(s) represents the system, which is combined by IW-FTPM motor and RBF-NNI. Besides, the G m1 (s) and G m2 (s) are the internal models of the system, which can be obtained according to the inverse system method and given as:
FIG. 1. Diagram of the IMC-based RBF-NNI system.
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Then the corresponding IMC can be deduced as:
The procedure of the proposed control strategy is given as follows:
1. As described in Section II, the generalized inverse system of the IW-FTPM motor should be analyzed firstly because the existence of the generalized inverse system is the precondition to realize the RBF-NNI control. 2. The incentive signals are chosen as random signals. Since the parameters of the original model are unknown, the incentive current and speed are selected in the region of 0-10 A and 100-800 r/min for covering the whole operational area. After applying the incentive signals to the original system, the corresponding i d and ω 1 can be gained. 3. Calculate the differentiation of the i d and ω 1 to obtain i d (1) , ω 1 (1) , and ω 1 (2) . Meanwhile, the obtained sampling sets {i d , i d
(1) , ω 1 , ω 1 (1) , ω 1 (2) } and {u d , u q } should be normalized. 4. Construct the training data set of RBF-NNI. The outputs of the original system and their differentiation are taken as the inputs of the RBF-NN, and the corresponding inputs are taken as its outputs as shown in Fig. 1 
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Chen et al. AIP Advances 8, 056634 (2018) 6. After put the achieved RBF-NNI system in front of the original system, a pseudo-linear system is constructed. 7. According to the IMC theory, an extra controller is designed as given in (9) . Then, it is put in front of the pseudo-linear system to realize closed-loop control as shown in Fig. 1 . For getting optimal response, λ 1 is set as 0.02 and λ 2 is selected as 0.3.
IV. VERIFICATION
In order to verify the effectiveness of the proposed IMC-based RBF-NNI control strategy, the experimental results are given in Fig. 2 and Fig. 3 . Fig. 2(a) and Fig. 2(b) show the measured speed and phase current under steep change of speed. It can be observed that both PID control and the proposed control strategy have realized zero-error tracing in the operation of increasing or decreasing speed. Besides, under the proposed control strategy, the phase current changes smoothly when the speed changes abruptly. However, the recovery time of speed is about 150 ms in the proposed strategy, while that is less than 50 ms in the PID control. Then, the proposed control strategy offers slower recovery response of speed which is due to the complexity of the algorithm. This drawback will be improved in our further studies. In summary, the proposed control strategy achieves accurate and stable control performances even under steep changes of speed. Fig. 2(c) and Fig. 2(d) show the measured d-axis current (i d ) and speed (ω 1 ) responses for both the PID control and the proposed control strategy. As shown in Fig. 2(c) , it can be seen that the i d and ω 1 are still coupling, though the PID control can realize the tracking of speed. On the contrary, the decoupling between i d and ω 1 can be realized successfully under the proposed control strategy as shown in Fig. 2(d) . Fig. 3 shows the measured speed and d-axis current under suddenly increasing or decreasing load. As shown in Fig. 3 , it can be seen that the proposed control strategy have stronger robustness to load disturbances than the PID one. Regardless of the steep change of load, the proposed whole 
